Vitamin-A acetate is one of the most versatile vitamins. It is applied in medicine because of its antioxidative properties, in tumor therapy because of its cytostatic activity, and in cosmetics because of its nutritional additives. Herein, using broadband dielectric spectroscopy, the molecular dynamics of supercooled and glassy vitamin-A acetate was investigated. It was shown that dielectric measurements carried out at ambient and elevated pressures reveal a number of relaxation processes associated with different types of molecular motions: α, δ, and ν processes-observed above the glass transition temperature and the next two modes: β and γ identified in the glassy state. The occurrence of the δ mode in the dielectric spectrum may imply the existence of nanoscale domains with nematic order. This hypothesis is further checked by atomic force microscopy measurements. Finally, we have determined the value of the glass transition temperature (T g ) as well as the steepness index (m P ) at various T-P conditions.
I. INTRODUCTION
Relaxation dynamics of glass-forming liquids has been extensively investigated not only for the purpose of deeper understanding of the vitrification process of liquids, but also for practical application reasons [1] [2] [3] [4] [5] . For conventional glassforming liquids, the two-step relaxation scenario is commonly observed in the vicinity of glass transition temperature T g . It means that two relaxation modes occur in the relaxation spectrum obtained by various spectroscopic methods including broadband dielectric spectroscopy (BDS), nuclear magnetic resonance (NMR), or mechanical spectroscopy. The slower α-relaxation mode arises from molecular structure rearrangements, and it is directly related to the liquid-glass transition. These molecular rearrangements have cooperative character, and the number of molecules involved in the motion is believed to grow when approaching the glass transition temperature [6, 7] . On the other hand, a more localized type of motion is assumed to be responsible for a second (faster) relaxation mode, usually denoted as a β process. In fact, two classes of the secondary (β) process can be distinguished due to the different molecular mechanisms. While one class is related to the trivial rotational motion of small isolated groups of molecules or conformational changes, the second one includes processes that effectively involve the motion of the entire molecule. In the last case, molecular motion is completely determined by intermolecular interactions, and, therefore, such a relaxation process has a connection to the cooperative α-relaxation process [8, 9] .
As already mentioned, the molecular dynamics has also been studied in the context of practical applications. In the * zwojnaro@us.edu.pl past several years, considerable attention has been focused on the formulation of drugs in an amorphous state as a way for enhancing the bioavailability of poorly soluble pharmaceutical compounds [10] [11] [12] . However, a serious problem that is encountered is that amorphous pharmaceuticals often undergo unwanted physical and chemical transformations during processing and storage [13, 14] . It results from the fact that the molecular mobility of the amorphous form is higher than its crystalline counterpart. Therefore, the complete characterization of molecular dynamics of amorphous pharmaceutical compounds under various thermodynamic conditions is currently of paramount importance for designing and producing amorphous drugs with a desired stability.
One of the important and interesting aspects of molecular dynamics studies is finding a connection between molecular relaxation pattern of glass-forming liquids and shape and structure of molecules. It has to be realized that the shape of molecules determines the character of intermolecular interactions that are responsible for their dynamic properties. Recently, the effect of shape and size of hard ellipsoids on their glassy behavior was theoretically studied in Ref. [15] by the application of the ideal mode-coupling theory. The results presented by the authors of Ref. [15] imply that, in the case of liquids consisting of rigid rodlike molecules, the liquid-glass transition should be primarily driven by an orientational degree of freedom. Consequently, it is expected that nanoscale domains with nematic order can be formed when approaching the glass transition. However, these predictions require experimental testing. Overall, it is highly desired to check experimentally whether there is any difference in the relaxation behavior between the rodlike system and the conventional glass-forming liquids exhibiting two-step relaxation dynamics. In this respect, we have experimentally investigated the molecular dynamics of supercooled vitamin-A acetate, whose molecules have a nearly rodlike shape. Vitamin-A acetate is one of many forms of vitamin A, and it is commonly used in antiaging chemicals [16] . The molecular dynamics was monitored as a function of both temperature and pressure using BDS. These studies were supplemented by atomic force microscopy (AFM) measurements of surface topography and by density functional theory (DFT) calculations. In addition, we performed x-ray diffraction (XRD) and NMR measurements to confirm amorphous and chemical structures of the vitrified sample.
II. EXPERIMENTAL AND CALCULATION METHODS

A. Material
The crystalline form of vitamin-A acetate (also called retinyl acetate) of 97% purity and molecular mass of Mw = 328.49 g/mol was supplied as a yellow powder from Sigma-Aldrich, and it was used without any further purification The starting material was completely crystalline with the melting point equal to 331 K. The NMR measurements have shown that the retinyl sample does not undergo any chemical decomposition at the melting temperature. However, it is worth mentioning that both naturally occurring vitamin A and its synthetic counterparts often coexist with their cis-trans isomers. The NMR measurements confirmed that the examined sample is all-trans-3,7-dimethyl-9-(2,6,6-trimethyl-1-cyclohexene-1-yl)-2,4,6,8-nonatetraene-1-ylacetate with the structure presented in Fig. 1 .
B. BDS
Isobaric measurements of the dielectric permittivity ε * (ω) = ε (ω) -iε (ω) at ambient pressure in a wide temperature range (139-299 K) were carried out using the Novocontrol α dielectric spectrometer over the frequency range from 10 −2 to 10 7 Hz. Dielectric measurements of supercooled vitamin-A acetate were performed after melting of the crystalline material in a parallel-plate cell of a capacitor (diameter: 20 mm, gap: 0.1 mm). The temperature was controlled by Quatro System using a nitrogen gas cryostat. The temperature stability was better than 0.1 K.
For the pressure dependent dielectric measurements, we used a capacitor, filled with the retinyl acetate sample, which next was placed in the high-pressure chamber and was compressed using the silicone fluid via a piston in contact with a hydraulic press. The sample was in contact only with stainless steel and teflon. Pressure was measured by the Nova Swiss tensometric pressure meter with a resolution of 0.1 MPa. The temperature was controlled within 0.1 K by means of a liquid flow provided by a thermostatic bath.
C. NMR Spectroscopy Measurements
The 400-MHz 1 H NMR spectra were recorded on a Bruker Avance 400 spectrometer at 298 K for 5-wt % solutions in dimethyl sulfoxide (DMSO)-d 6 
D. AFM
The AFM visualization of the vitamin-A acetate sample surface in three dimensions was performed using the NT-MDT Solver P47-PRO microscope. The measurement was made in the taping mode to minimize the interaction of a tip on the sample surface. The rectangular silicon cantilever with a trapezoidal cross section was used (nanosensors probe; a nominal elastic constant of 7.4 N/m and a nominal resonance frequency 160 kHz). Scanning speed during the acquisitions ranged from 300 to 500 nm/s. The tip oscillation amplitude was about 25 nm. During the scanning, the topography (height) and the vibrating phase images were recorded in the same time. The retinyl sample for the AFM measurement was prepared by the same temperature treatment like the dielectric one-0.5 mg of crystalline retinyl was placed on a glass microscope plate and was heated to the temperature 333 K in air and was quickly cooled to the room temperature. The surface of the glass-formed retinyl drop was under AFM investigation. All measurements were performed at room temperature.
E. XRD measurements
XRD measurements of the structure of crystalline and amorphous vitamin-A acetate were carried out at room temperature (T = 293 K) on the laboratory Rigaku-Denki D/MAX RAPID II-R diffractometer attached to a rotating anode Ag Kα tube (λ = 0.5608Å), an incident beam (0 0 2) graphite monochrometer, and an image plate in the DebyeScherrer geometry. The pixel size was 100 × 100 μm. Samples of vitamin-A acetate were placed inside glass capillaries (1.5 mm in diameter). Measurements were performed for the filled sample and empty capillaries, and the intensity for the empty capillary was then subtracted. The beam width at the sample was 0.1 mm. The two-dimensional diffraction patterns were converted into the one-dimensional intensity data using suitable software.
F. Calculation methods
The vitamin-A acetate molecule has been optimized at the B3LYP/6-31+g * level. The presented structure is in the minimum due to the position of the acetyl group, which is the most flexible part of the molecule. It was found by numerous optimizations of different conformations due to the acetyl group placement. The relaxed geometry scan by changing the proper dihedral angle was performed in order to simulate rotation at the B3LYP/6-31+g * level of theory. Thereafter, the structure characterized by the highest value of electronic energy was optimized as a transition state by means of an eigenvector following method. Transition state and minima were further confirmed by performing vibrational analysis. Frequencies were calculated numerically at the same level of theory. All these calculations were performed with the ORCA quantum package [17] . Moreover, electrostatic potential was calculated by means of the GAUSSIAN 03 program package [18] . Molecules were visualized by means of the GOPENMOL and MOLEKEL packages. Ellipsoid parameters were found by performing intramolecular distance measurements in GOPENMOL.
III. RESULT AND DISCUSSION
The chemical structure of vitamin-A acetate is depicted in Fig. 1 . It can be noted that a sequence of four double bonds in the alkyl chain represents a very stiff part of the retinyl molecule. Therefore, one can expect that the molecule has an elongated rodlike shape. This supposition was confirmed by calculations within the framework of DFT performed on a single molecule in vacuum. As can be seen in Fig. 2 , the vitamin-A acetate molecule optimized at the B3LYP/6-31+g * level has a slight banana shape. However, it can also be approximated satisfactorily by an ellipsoid. The semimajor axis (a) of such an ellipsoid is equal to approximately 9.0 A, while semiminor axes (b) and (c) are equal to 4.0 and 4.3 A, respectively. Therefore, the proportion of the semimajor axis to the longer semiminor axis is equal to 2.1, and the molecule is strongly anisotropic. In Fig. 2 , one can observe the dipole moment analysis in the retinyl acetate. The three components of the dipole moment vector are presented in this figure. The magnitude of the x component (0.99 D), which is parallel to the semimajor axis of the molecule, is comparable to the magnitude of the y component (1.28 D), which is perpendicular to the semimajor axis and is parallel to the one of semiminor axes of the molecule. The dipole moment of the entire molecule mainly depends on the orientation of the terminal acetyl group, which is clearly seen on the electrostatic potential plot. However, the placement of electronegative oxygen in the acetyl group determines the magnitude and direction of the resultant dipole moment vector.
A. Molecular mechanisms above and below T g at ambient pressure
The vitamin-A acetate sample was studied both above and below the liquid-glass transition. In order to confirm the amorphous nature of the tested material, the XRD technique was applied. Since we have found that the amorphous vitamin-A acetate reveals the crystallization tendency, the X-ray measurements were additionally performed on the same sample that was previously measured by dielectric spectroscopy. In all cases, the diffraction patterns were characteristic for the amorphous state.
To investigate the orientational dynamics of vitamin-A acetate molecules both in the supercooled regime and in the glassy state, we measured dielectric spectra in the frequency range from 10 −2 to 10 7 Hz. The frequency behavior of the dielectric permittivity losses ε (ω) for the sample at various temperatures above the glass transition temperature is shown in panel (a) of Fig. 3 . As can be seen, the relaxation spectra are much more complicated than would be obtained for the typical glass-forming liquids. For this material, we observe a number of relaxation processes associated with different types of molecular motions. As usual, the dc conductivity contributes to the dielectric loss response at the lowest frequency. This part of the dielectric spectrum can be described by the power law,
where σ dc and ε 0 are the dc electrical conductivity and permittivity of free space, respectively. The dc-conductivity contribution occurs due to a small concentration of mobile impurity ions. However, the characteristic feature of orientational dynamics of supercooled retinyl acetate is the presence of a very broad relaxation peak, which nearly spans the entire frequency window. A closer inspection of the shape reveals the occurrence of three relaxation processes, labeled with Greek letters: ν, δ, and α. To analyze the dielectric spectra quantitatively, the data in Fig. 3(a) were fitted using the superposition of three Havriliak-Negami (HN) functions with the dc-conductivity term added [Eq. (2)] [19] ,
where α and β are the shape parameters that characterize the symmetric and asymmetric broadenings of a given relaxation peak, ε is the dielectric relaxation strength, and τ denotes the relaxation time. Figure 3(b) shows a representative fit of the experimental data measured at T = 273 K. As can be seen in this plot, the most pronounced relaxation peak, denoted by δ, has a symmetric shape. This relaxation is only slightly broader than the simple Debye function. On the other hand, at high frequencies, there is a much broader asymmetrical α peak probably due to the cooperative motions of the retinyl acetate molecules. Thus, the α-relaxation process is considered to be responsible for the relaxation of the molecular structure, the viscous flow, and the liquid-glass transition. There is also the third ν-relaxation peak, which is localized in close proximity of the δ process at the low-frequency range.
Discussing the origin of the δ-relaxation process, it might be useful to recall the dielectric studies of the glass-forming mixture of liquid crystals (E7) [20, 21] . As in the case of vitamin A, three similar relaxation modes were also distinguished in the supercooled nematic phase of E7. It was shown that the most prominent (Debye-like) relaxation process has its origin in the 180
• rotation of the molecules around their molecular short axes. On the other hand, the peak occurring at the high-frequency flank was assigned as the α-process. Interestingly, the same pattern of behavior, as in the case of E7, is also observed for vitamin A, i.e., the two processes, α and δ, collapse into one broadened relaxation as the glass transition temperature is achieved. Taking all mentioned similarities into account, it is reasonable to propose that the symmetric and narrow δ-mode, visible in the relaxation spectra of retinyl acetate, arises from rotational fluctuations of the molecule around the short axis. Additionally, the occurrence of the δ-mode in the dielectric spectrum of vitamin-A acetate may imply the existence of nanoscale domains with nematic order as theoretically predicted in Ref. [15] .
Finally, we can try to explain the origin of the small ν-relaxation peak localized at the low-frequency range, based on the assumption of the existence of nanoscale domains with nematic domains. The investigated material became heterogeneous on account of the occurrence of nanoscale domains with nematic order. The polarization on the domains boundary leads to the charge's accumulation on the interfaces where materials of different electrical properties contact each other [22] . Due to the heterogeneity of the investigated material, one can suppose that the third process, visible in the dielectric spectrum of vitamin A, may be attributed to the Maxwell-Wagner effect. As can be seen in Figs. 3 and 10 , the amplitude of the ν process is changing with temperature and pressure. The observed effect is probably related to the changes of the domain's size, which are growing at lower temperatures and higher pressures.
In order to confirm the existence of the nanoscale domains, the AFM visualization of the retinyl acetate sample surface was performed. In Fig. 4 , the topography and phase contrast mode images are presented. Both pictures show the adjacent grain of the size 50-200 nm. The analysis of topography cross sections shows that the amount of these grains ranges from 100 to 300 nm. It can be assumed that grains are formed as areas of local ordering of molecules. Local order in the area of a single grain cannot be observed, unfortunately, due to the resolution of the microscope (measurements were made in air). The occurrence of a tendency for the parallel arrangement of vitamin-A molecules is not obvious, but as a survey of n alkanes, even soft long-chain molecules tend to organize in the nematic order [23] . The existence of microscopic domains is also shown in a Fig. 4(c) phase shift of an oscillating microscope tip. However, in this case, the picture is more complicated, since the phase change results from the elastic properties of the material (difference in viscoelasticity of the domains and the borders between them) as well as the capillary effects-in the air, the surface is covered with a layer of water.
The dielectric spectra collected at temperatures lower than the glass transition temperature are presented in Fig. 3(c) . In the glassy state, two secondary relaxation processes β and γ can be identified. They can be well described by the Cole-Cole function. The β-relaxation originates from local fluctuations of the entire molecule, whereas, internal mobility of the molecule may lead to a rising faster secondary γ -process. The details of the molecular motions responsible for the γ -relaxation will be presented in a later part of this paper.
The temperature dependences of relaxation times τ δ , τ α , τ β , and τ γ , are shown in the Arrhenius plot depicted in Fig. 5 . All relaxation times were determined as the inverse of the frequency in the maximum of loss peak (τ = 1/2πf max ). As suggested by the results presented in Fig. 5 , the two curves log τ α (1/T) and log τ δ (1/T) merge approaching the glass transition. Therefore, only one broad relaxation peak is observed in the vicinity of T g [see Fig. 3(a) ]. In the case of both mentioned dependences, the usual non-Arrhenius behavior was found. Therefore, these experimental data can be fairly well described by means of the Vogel-Fulcher-Tammann (VFT) equation [24] [25] [26] ,
with the following fitting parameters: for the α-process log τ 0 = −15.21 ± 0.34, D = 3.4 ± 0.25, T 0 = 199.7 ± 1.9 K; for the δ-process log τ 0 = −12.94 ± 0.23, D = 3.17 ± 0.18,
From τ α (T) dependence, we have determined the glass transition temperature of vitamin-A acetate. To avoid the extrapolation of VFT fits in our analysis, we have defined T g as a temperature at which τ α = 1 s. Its value at ambient pressure conditions is equal to 244.33 K. Now, we focus on the analysis of the secondary relaxation process detected in the dielectric loss spectra of vitamin-A acetate. As can be seen in Fig. 5 , the relaxation times of both secondary relaxation processes show the Arrhenius behavior below T g . The values of activation energy for both β-and γ -modes, obtained from fitting the Arrhenius law to the experimental data, are equal to 62 and 23 kJ/mol, respectively. The low value of activation energy for γ -relaxation implies that the intramolecular motions might be involved. Indeed, this expectation has been strongly confirmed by DFT calculations. It is well known that the secondary mode can be observed by means of BDS if the dipole moment is changing during conversion [27] . Therefore, we have studied conformational interconversion, which is connected to the acetyl group rotation. As mentioned in the previous part of this paper, the acetyl group is strongly electronegative. Therefore, during its reorientation, the value of the dipole moment of the molecule is changing significantly. In Fig. 6 , one can see the route of the acetyl group rotation. The value of the activation energy of such a movement obtained in the B3LYP/6-31+g * model is equal to 28 kJ/mol, and it corresponds to the activation energy of the γ mode determined experimentally.
B. Effects observed at elevated pressure
Isothermal measurements were performed at T = 283 K by varying pressure from 80 to 240 MPa. Unfortunately, we were not able to measure the dielectric spectra below 80 MPa because the examined sample had quite a strong tendency for recrystallization. It is well known that compression basically has the same effect on the dielectric loss spectra behavior as lowering the temperature. That is why the relaxation peaks of vitamin-A acetate move toward lower frequencies with elevating pressure (see Fig. 7 ). As can be seen in Fig. 7 , the tendency to merge δ-and α-relaxation modes into a broad one is again observed when the liquid-glass transition is achieved by squeezing the liquid sample. To determine the δ-and α-relaxation times, the same fitting procedure as previously described was used. As depicted in Fig. 8 , both relaxation times approximately increase with pressure in the linear fashion. Thus, to parametrize these two dependences, one can apply the simple Arrhenius law written in the following form [28, 29] :
The values of activation volume determined from the fitting analysis are equal to 180 ± 2 and 189 ± 2 cm 3 /mol for the δ-and α-relaxation processes, respectively. According to the transition state theory, the activation volume defines the additional space, which has to be created to move the relaxing molecules to another position [30] . Thus, V reflects the volume requirements for local molecular motions. Considering that molecules involved in the α-relaxation process move cooperatively, one can expect that the value of the activation volume for this process should be slightly larger than for the noncooperative δ-relaxation. This expectation is indeed in agreement with our experimental result, i.e., V α > V δ .
An important aspect of the analysis of the molecular dynamics is the behavior of temperature dependence of the structural relaxation times at elevated pressure. In this connection, we have also performed the dielectric measurements at p = 240 MPa. From the collection of data obtained isobarically at 240 MPa as a function of temperature, the α-and δ-relaxation times have also been determined and have been plotted as a function of temperature in Fig. 9 . As can be seen similarly as in the case of the data collected at ambient pressure, one can observe the non-Arrhenius behavior of log τ α (T) and log τ δ (T) that can be satisfactorily described with the use of the VFT equation. Unfortunately, even if the glass transition temperature is defined as the temperature at which τ α reaches 1 s, to determine the value of T g at high pressure, the extrapolation of measurement for the longer times is necessary. It is because, with decreasing temperature, both relaxation processes α and δ are getting closer, and it is hard to determine the maximum of the α-loss peak near the liquid-glass transition. Based on the VFT fits, the T g of vitamin-A acetate at 240 MPa was determined and was illustrated in Fig. 9 . It is clearly seen that the experimentally determined glass transition temperature of vitamin-A acetate is strongly dependent on pressure. The value of T g is changing almost 17% with increasing pressure from 0.1 to 240 MPa. Therefore, one can expect the large value of the pressure coefficient of the glass transition temperature. In the limit of low pressures, it is equal to 235 K/GPa. This value is similar to that obtained for the van der Waals materials (200-300 K/GPa) and significantly larger than values achieved for typical H-bonding systems, such as glycerol (40 K/GPa) [31] or sorbitol (43 K/GPa) [32] . Also, it is worth mentioning that the isobaric fragility (m P ) calculated on the basis of VFT fits [33] ,
follows the same pattern of behavior as established experimentally for van der Waals liquids-it decreases with increasing pressure [34] [35] [36] . Its value is decreasing from m P = 83 at ambient pressure to m P = 72 at 240 MPa. It means that the vitamin-A sample is stronger at high-pressure conditions. Taking the commonly known idea into account that fragile liquids are structurally less stable than strong liquids, we can assume that amorphous vitamin-A acetate in the condition of high compression is more stable than at ambient pressure [37, 38] . Finally, it is of interest to check whether there are any differences in the shape of the dielectric loss spectra measured at ambient and elevated pressures. In order to analyze the data in a more quantitative way, we have compared two dielectric loss spectra of supercooled retinyl acetate measured at ambient and elevated pressures (p = 240 MPa). The spectra were chosen so that the frequencies of the maximum of the δ-relaxation peaks were the same. From the comparison presented in Fig. 10 , it can be easily seen that the highfrequency side of the spectrum becomes slightly broader at an elevated pressure. This effect is mainly due to the increase in the dielectric strength of the α-relaxation peak. However, the dielectric strength of the δ-relaxation process decreases. The drop in amplitude of the δ-relaxation peak is probably related to an increase in the molecular packing that hinders reorientations of molecules around the short molecular axis.
IV. CONCLUSIONS
The broadband dielectric relaxation measurements of amorphous vitamin-A acetate in the equilibrium liquid state at ambient as well as elevated pressures reveal three relaxation processes: α, δ, and ν. It was found that the δ-(Debyelike) process is probably due to the rotational fluctuations of the retinyl molecule around the short axis. It is worth noting that the occurrence of this movement may imply the existence of nanoscale domains with nematic order. This proposed self-organization of molecules is possible because the vitamin-A acetate particle has a rodlike shape, and it is strongly anisotropic. The next α peak, visible at the highfrequency flank of the dielectric spectra, is probably due to the cooperative motions of the retinyl acetate molecules. Thus, the α-relaxation process was considered to be responsible for the relaxation of the molecular structure and the liquid-glass transition. The glass transition temperature T g and fragility index m P of vitamin-A acetate have been determined at ambient and elevated pressures. It is found that the value of m P decreases with pressure, and the rate of increase of T g with pressure is comparable to other van der Waals glass formers. That is why one can classify the examined retinyl as van der Waals material. The dielectric measurements carried out in the glassy state show two secondary modes: β and γ . The low value of activation energy, obtained for the γ relaxation (23 kJ/mol), which is in good agreement with the value estimated on the basis of the computational simulations, implies that the intramolecular motions are responsible for the occurrence of this mode in the dielectric spectrum.
